Kelulut honey was dehydrated at 40, 55, and 70°C up to 84 h in a dehydrator. The changes of its properties and qualities in terms of moisture content, water activity, hygroscopicity, moisture adsorption isotherm, colour intensity, total phenolic content (TPC), viscosity, glass transition temperature (T g ), surface stickiness, hydroxymethylfurfural (HMF) content, and diastase activity were evaluated. The dehydration process for 18 h between temperatures of 55 and 70°C can safely produce Kelulut honey product with less than 8% moisture content and water activity below 0.6. Similar quality of Kelulut honey dehydrated at lower temperature between 40 and 55°C requires up to 36 h of dehydration. These recommended dehydration conditions were able to increase TPC of honey from 7.86% from its original value for the shorter duration of 18 h and lower dehydration temperature of 40°C and up to 70.9% for the longer duration of 36 h and higher temperature of 70°C. Dehydrated honey was darker, more viscous, and stickier. The increase of HMF content in dehydrated honey at 40 and 55°C up to 36 h was not significant which are at 0 and 5.81 mg/kg honey, respectively, and at 70°C, it was about 80 mg/kg honey. The honey was found to have very low diastase activity ranging from 0 to 0.75 DN, thereby causing its changes to be insignificant during dehydration.
Introduction
Raw stingless bee (Heterotrigona Itama) honey, the Kelulut, has a unique sweet and sour flavour. It has been reported to have higher antioxidant activity, flavonoids, and polyphenol content [1, 2] and brings significant benefits to health. [3] Despite being an excellent product, Kelulut honey has severe storage problems as it undergoes rapid alcoholic fermentation once harvested due to its high water content of above 30% [4] and the presence of osmophilic yeast. [5] Alcoholic fermentation produces undesirable substances such as ethanol and carbon dioxide which lead to off-flavour of honey, [6] giving it a more acidic taste and undesirable appearance. [7] As the presence of osmophilic yeast and fungi in honey is unavoidable during bees' nectar collection for honey production, the Kelulut honey needs processing to prevent it from fermentation during storage.
Conventionally, honey processing prior to storage is by subjecting honey to thermal treatment. Honey undergoes preheating at 40°C, straining, filtering, indirect heating at 60-65°C for 25-30 min and followed by rapid cooling. [8] Heating of honey is also done at different temperatures and durations from mild temperatures of 50 to 90°C for 15 to 120 min, [9] 50 to 80°C for 15 to 60 min, [10] 60 to 100°C for 2-20 min [11] and 75 to 100°C for 15 to 90 min [12] to high temperatures above 100°C such as those by Tosi et al. [13] at 160°C for 0 to 90 s and at 100 to 140°C for 10 to 30 s by Tosi et al. [14] These heat treatments help to kill microorganisms in honey that are responsible for spoilage and at the same time reduces its moisture content to a safe level. It has been reported that reduction of moisture content of honey to below 17% retards the growth of yeast and inhibits the fermentation process. [15] However, the application of heat degrades quality of honey. Heating of honey causes the loss of aromatic substances, decreases its diastase activity [11, 16, 17] and increases its hydroxymethylfulfural (HMF) content. [8, 9, 12, 13, 18, 19] Tosi et al. [11] showed that the diastase activity decreased and HMF content of honey increased more significantly at higher heating temperature and longer heating duration. The adverse effect of heating on honey is proportional to the temperature and duration of heat applied.
In order to minimize the deterioration of honey quality during processing, other approaches used include the spray-drying, [20] vacuum-drying, [21] freeze-drying, [22] vacuum evaporation, [23] and microwave-vacuum drying. [24] Drying of honey refers to process of removing moisture from liquid honey by introducing heat with intention to produce solid honey usually in powder form. The most commonly tested honey drying method is the spray-drying process at 150-180°C. [9, 20, [25] [26] [27] Besides the deterioration of honey quality due to heat, the sticky nature of honey is also a problem in drying of honey. [28] Due to very low glass transition temperature of natural honey, drying of honey without any additives is impossible. Honey tends to stick to the equipment causing high losses during the drying process. Some form of flour, starch or anticaking agent is added to honey and the slurry then is dried. [20, 22, 26] This limits the content of honey in the powder form. The microwave and infrared heat processing also affect the quality of honey despite providing rapid drying of honey. [18] From the literature reviews, in search for an energy efficient honey processing method which can produce a promising quality of dehydrated honey, the modern food dehydrator, an appliance specially designed to dehydrate food seems to fit the description of Bhandari et al. [29] who suggested various manoeuvres including modification of dryer design, use of mild drying temperature conditions and drying aids or carriers in overcoming drying problems of sugar-rich food including honey. The food dehydrator is a chamber with stackable trays and it dries food by using mild heated air circulating inside the chamber. There are few scientific and quantitive evaluation on the benefits of using a dehydrator despite many informal reviews about its convenience, efficiency and economic savings when used for drying foods. Neil [30] presented that the food dehydrators provide a fine control over the dehydrating temperature and are more energy efficient than oven drying while Kendall et al. [31] presented that drying foods with dehydrators usually take two to three times shorter time than oven drying. The dehydrators are commonly used to dry fruits and vegetables and are claimed best in preserving nutrients and enzymes of the foods as it dries food at a relatively low temperature, usually below 70°C. [30] It is able to reduce moisture in food up to 75% and the dried food created with a dehydrator can be considered as 'raw food' for those prepared below 46°C. [32] This research aimed to investigate the quality changes of an extremely high moisture tropical honey dried with a commercial food dehydrator at mild dehydration conditions. Dehydration of honey to different moisture level can help to diversify applications and usage of honey because dried products at intermediate moisture contents such as honey powder, honey flakes, honey spread, and honey candy can be possible. [28] Materials and method
Honey samples and dehydration
Raw Kelulut (Heterotrigona Itama) honey was harvested from a forest reserve in Teluk Intan, Perak, Malaysia and stored in bottles at ambient temperature. A food dehydrator (Himmel V3, Nature Himmel Marketing Sdn. Bhd., Selangor, Malaysia) was used to dehydrate honey at temperatures of 40, 55, and 70°C for a duration of 12, 24, 36, 48, 60, 72 , and 84 h. Liquid honey samples were spread uniformly up to thickness of 3-4 mm onto silicone trays with dimensions of 25.0 cm × 13.5 cm. Two silicon trays were placed on each dehydration tray which was stacked up through a 6 cm × 6 cm air vent which emitted hot air. A diagram on the samples arrangement during dehydration is shown in Figure 1 . One dehydration tray of honey was removed at every 12-h interval for honey properties and qualities analysis whilst the remaining trays of the honey in the dehydrator continued the dehydration process. The dehydration rate for every 12 h was calculated from the moisture content measurements using Equation (1) . The dehydration process yield was calculation based on Equation (2) . A digital kitchen scale (XJ-2K820S, Pastry Pro, Malaysia) of 0.1 g increment was used as follows
where M is the moisture content (dry basis) at dehydration time, t 1 and its subsequent dehydration time, t 2 , and A is tray area of 0.0675 m 2 :
Yield % ð Þ ¼ Mass of honey after dehydration Mass of honey before dehydration Â100%
(2)
Honey properties and quality analyses
Physico-chemical properties of moisture content, water activity, colour intensity, viscosity, glass transition temperature and stickiness were measured at every 12 h up to 84 h. Hygroscopicity and water adsorption isotherm of the dehydrated honey were measured at the end of 84 h. Quality of honey was evaluated by its HMF content, total phenolic content (TPC), and diastase activity. The analyses were performed in triplicates and results were expressed as mean ± standard error. Error bars in figures represent the standard error of mean.
Moisture content
Moisture content was determined by using a moisture analyser (MX-50, A&D Co. Ltd., Tokyo) and it was expressed in percent moisture (dry basis).
Water activity
Water activity of honey samples was determined using a water activity meter (Aqualab Pre, Washington, USA). The equipment was calibrated with saturated salt solutions in the water activity range of interest.
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Hygroscopicity
Hygroscopicity was determined by placing 1 g of each honey sample at room temperature in airtight plastic containers containing saturated solution of sodium chloride (75.29% RH). After one week, the samples were weighed and hygroscopicity was expressed as grams of absorbed moisture per 100 g dry solids. [33] Moisture adsorption isotherm
The moisture adsorption isotherm data at 25°C were obtained from gravimetric water content measurements of steady-state water contents at various water activities. Samples of 1 g of fresh and dehydrated honey was weighed in plastic cups and stored in air-tight containers over various saturated salt solutions. The solutions were magnesium nitrate, potassium iodide, sodium chloride, potassium chloride, and potassium sulphate with theoretical relative humidity of 52.9%, 68.9%, 75.3%, 84.3%, and 97.3% at 25°C, respectively. The samples were weighed using an analytical balance (XP 204, Mettler-Toledo, Switzerland) at 7 days interval for 28 days. Samples were equilibrated until constant weight values (±0.001 g) were achieved.
Colour intensity
The colour intensity of the honey was measured following method of Kek et al. [1] A 50% (w/v) of honey solution was prepared by dissolving 5 g of honey in warm distilled water. The solution was filtered to remove any coarse particles. Using distilled water as blank, the absorbance at 450 nm and 720 nm was recorded. Colour intensity was calculated as follows:
where A 450 and A 720 are the absorbances at 450 nm and 720 nm, respectively.
Total phenolic content
TPC was determined using the Folin-Ciocalteu spectrophotometric method. [34] Minor modification was made by diluting honey to 0.05 g/mL with distilled water, and then 1 ml of the honey solution was mixed with 5 ml of 0.2N Folin-Ciocalteu reagent. After 5 min of incubation, 4 mL of 7.5% (w/v) aqueous sodium carbonate solution was added. The mixture was well-mixed and incubated for 2 h in dark at room temperature. The absorbance of the mixture was determined at 765 nm using distilled water as blank. A standard calibration curve was plotted using gallic acid with concentration range from 10 to 100 µg/mL. TPC was expressed in mg of gallic acid equivalent (GAE) per kg of honey.
Viscosity
A rheometer (AR-G2, TA Instruments, New Castle, USA) with a 20-mm diameter flat plate (1000 µm truncation gap) was used to determine the dynamic viscosity of honey. Dehydrated sample was slowly loaded to avoid any possible bubbles. Before starting rheological tests, all samples were allowed to remain at rest for 1 min to allow stress relaxation induced during sample loading. Steadystate measurements were performed at 20°C, with a shear rate range of 10-100 s −1 in ascending ramp. The temperature was controlled by a circulating water system. The results were analysed using its accompanying software, Rheology Advantage Data Analysis Version 5.7.
Glass transition temperature
Honey samples of 5-10 mg were added in a standard 40 µL aluminium pan. It is hermetically sealed and analysed with a differential scanning calorimetry (DSC-7, Perkin Elmer, USA). Samples were scanned as follow: (1) cooled from 30 to −60°C, (2) held for 1 min, (3) heated from −60 to 20°C, (4) hold for 1 min, and (5) heat from −60 to 20°C. For drier samples, the temperature range for step 3 and 5 were changed to a maximum temperature of 60°C as the glass transition temperature increased. A heating rate of 20°C/ min was used. The second scanning of sample was used to reduce enthalpy relaxation of the amorphous substance which appeared in the first scan, thereby enhancing the accuracy of T g measurement. The transfer of samples from container to DSC pan was done quickly in an air-conditioned room to avoid moisture absorption by the sample. The results were expressed as half-width of the glass transition region which were obtained from the accompanying software, Pyris™.
Surface stickiness
The surface stickiness of the samples was measured using a texture analyser (TA-XT plus , Stable Micro Systems, Surrey, UK). Adhesive test was performed using a 20 mm diameter aluminium cylindrical probe. The pre-test speed of 1.5 mm/s, test speed of 1.0 mm/s, post-test speed of 10 mm/s, and a trigger force of 2.5 g were set. The honey in the glass container was placed centrally under the probe. The probe was set to penetrate 3 mm into the honey. The probe then was withdrawn from the sample at a speed of 10 mm/s and stopped at a distance of 200 mm above the sample surface. The maximum force needed to separate the probe was generated from the texture analyser software macro (TEE 32 Stable Macro System, UK). The values obtained were then converted to maximum tensile pressure by the following formula. The maximum tensile pressure required to separate the probe from the surface of honey was regarded as the surface stickiness:
Hydroxymethylfurfural HMF content was determined using White's spectrophotometric method. [35] Distilled water was added to dissolve 5 g of honey samples. The honey solution was made up to 50 mL with distilled water after addition of 0.5 mL of Carrez I solution (consisting 15 g of potassium hexacyanoferrate (II), K 4 Fe(CN) 6 .3H 2 O in 100 mL water), 0.5 mL of Carrez solution II (consisting 30 g of zinc acetate, Zn(CH 3 .COO) 2 .2H 2 O in 100 mL of water), and few drops of ethanol. The solution was then filtered and the first 10 mL of the filtrate was rejected. Aliquots of 5 mL each were transferred to two test tubes. Distilled water of 5 mL was added to the first tube as sample and another 5 mL of 0.2% (w/v) sodium bisulphite solution was added to the second test tube as reference. Absorbance of sample solution was determined against reference solution at 284 nm and 336 nm in quartz cuvettes. HMF was determined as follows [35] :
where A 284 and A 336 is the absorbance at 284 nm and 336 nm, respectively. The factor 149.7 is a theoretical value linked to the molar extinction coefficient of HMF at 284 nm, D is the dilution factor, when dilution is necessary, and W is the weight of honey sample in g.
Diastase activity
Honey solution was prepared by dissolving 1 g of honey in a 100 ml volumetric flask with 0.1 M, pH 5.2 acetate buffer solution. The procedure was completed within an hour. Test tube was prepared and 5 mL of the solution was transferred into the test tube. Solution was then incubated in 40°C
water bath for 5 min. A blank was prepared by placing a 5 mL aliquot of the acetate buffer and treated exactly as the sample solution. To both solutions, a Phadebas tablet (Honey Diastase Test, Magle AB, Lund, Sweden) was added with a tweezer and the timer started. The solutions were mixed using a vortex mixer and returned to the water bath. The reaction was terminated exactly after 15 min by adding 1 mL sodium hydroxide solution. The mixture was mixed again for 5 s. The solutions were immediately filtered through filter papers and its absorbance was measured at 620 nm using water as reference. One diastase number (DN) corresponded to the enzyme activity of 1 g of honey, which can hydrolyse 0.01 g of starch in 1 h at 40°C. For low diastase values of between 0 and 6, the diastase number was calculated from absorbance at 620 nm (A 620 ) using the following equation:
where 35.2 and −0.46 are the slope and the intercept, respectively, of the best fitted line obtained from the linear regression of A 620 and DN.
Statistical analysis
The statistical analysis of data was performed using Minitab statistical software (Version 18, Minitab Inc., USA). One-way ANOVA was performed. Tukey's test was used to examine for any significant differences among the mean values at confidence level of 0.05. Mean values were averaged from triplicate measurements.
Results and discussion
Dehydration curve, rate and yield shows its dehydration rate curve. The moisture content of honey dropped very steeply and showed no lag periods in the first 12 h or 15% of the overall dehydration period of 84 h. It is assumed that this short initial dehydration period forms a constant dehydration rate before moving into the two phases of falling rate periods. During the constant rate of drying, the initial moisture removal was easy as the surface of honey is kept "sufficiently wet" due to its very high moisture content. [36] The rate of dehydration was also the highest. The constant dehydration process for honey reached its critical moisture content of 18% (dry basis) after 12 h at which the dehydration rate started to reduce. The dehydration rate reduction phase is known as the falling rate period [36] because the remaining water bound are stronger and thus the moisture loss is harder. [37] The dehydration of Kelulut honey displayed two falling rate periods (Figure 2(b) ) similar to most biological products. [38] The first falling period is mainly due to the effect of dehydrating temperature where higher temperature results in a higher dehydration rate. The higher dehydrating temperature accelerates the water migration rate and causes the dehydration rate to be higher. The second falling rate begins when the free water at the honey surface was fully removed and honey is in fully hygroscopic state. [38, 39] The dehydration rate decreased slowly and reached almost zero when the equilibrium moisture between the honey and surrounding drying conditions was achieved. [38] The dehydration rate of honey during the second falling rate period does not differ significantly for all the dehydration temperatures. However, the dehydration rates for 40, 55, and 70°C were significantly different (P < 0.05) during the constant rate drying period. Dehydrating at higher temperatures resulted in a higher water diffusivity and thereby increased the rate of moisture removal. [36] Similar result was also shown in many drying studies of agricultural products. [36, [40] [41] [42] At the point of critical moisture content where the dehydration process changes from constant rate to falling rate, the moisture content of honey was below 20% (dry basis) and met the recommended moisture content of processed Kelulut honey to be less than 22% (dry basis) by the Department of Standards Malaysia. [43] Prolonged dehydration to 84 h produced honey with extremely low moisture content of almost zero, with exception of 40°C giving a residual moisture content of 3.03% (dry basis). Honey dehydrated at 40°C had significantly higher (P < 0.05) moisture content than honey dehydrated at 55 and 70°C (Figure 2(a) ) implying that dehydration of honey at 40°C had a significantly lower moisture removal rate. Dehydration of the honey at 55 and 70°C for more than 36 h did not show significant difference in moisture content (P < 0.05). The dried honey had a candy-like structure and is said to have reached its minimum moisture level. The moisture content profiles of this study show that dehydration at 55 and 70°C was able to reduce moisture content of honey from as high as 40% (dry basis) to literally 0% within 36 h, while dehydration at 40°C can produced honey with less than 10% moisture content. Table 1 shows the mass and moisture loss of honey during the dehydration process while Figure 2 (c) shows the calculated dehydrated honey yield. As expected, moisture loss in honey was greater with higher temperature and longer duration of dehydration as amount of moisture loss from honey accumulates with time and escalates with temperature. The higher moisture loss from honey results in a lower yield of dehydrated honey.
Water activity, hygroscopicity, and water adsorption isotherm
The initial water activity of the honey was very high at 0.788 ± 0.002 causing Kelulut honey to be highly susceptible to natural fermentation. Water activity has often been used to describe the moisture migration and microbial stability of food [44, 45] and the minimal water activity for osmophilic yeasts to grow is only 0.6. [45] Figure 3 (a) shows that the dehydration process reduces the water activity of honey in the same trend as the moisture content (Figure 2(a) . Studies have reported that water activity of honey is linearly correlated with moisture content of honey. [46, 47] The Kelulut honey dehydrated at 40°C has significantly higher (P < 0.05) water activity than the other two temperatures. Moisture  loss  12  312  268  44  317  263  54  311  245  66  24  310  258  52  314  250  64  312  237  75  36  312  252  60  323  246  77  313  233  80  48  310  246  64  318  245  73  314  218  96  60  312  246  66  317  242  75  315  224  91  72  308  246  62  320  236  84  312  225  87  84  309  238  71  317  232  85  310  217  93 The water activity decreased gradually during the dehydration process and reached a minimum level of about 0.5 after 36 h at 55 and 70°C. For 40°C, 36 h of dehydration managed to reduce water activity of Kelulut honey to be below 0.6. These results show that dehydration process is able to reduce water activity of honey to a level safe in terms of microbial growth. However, at low water activity, honey may be more hygroscopic. [48] Hygroscopicity is the measure of the moisture absorption ability of the honey and is highly dependent on its moisture content. [49, 50] The hygroscopicity of Kelulut honey dehydrated at 40, 55, and 70°C for 84 h were 20.15 ± 0.41, 27.23 ± 0.42, and 29.70 ± 0.29 g of absorbed water per 100 g dry solids, respectively. Kelulut honey dehydrated at higher temperature was more susceptible to moisture absorption due to higher moisture difference between the sample and the surrounding as moisture migration is proportional to the moisture differences. [48] The results obtained for this dehydrated Kelulut honey ranging from 20.15 to 29.7 g of absorbed water per 100 g dry solids are comparable to the spray-dried tamarind pulp powder which ranged from 23.23 to 34.04 g of absorbed water per 100 g dry solids. [33] Dehydrated honey can be classified as amorphous sugar particle and it has been shown that the amorphous sugar particles are very hygroscopic. [51] The study of Martin [5] also showed that honey kept in controlled-humidity chambers absorbed moisture from the surrounding and eventually leads to the occurrence of honey fermentation. Industrial dehydrated honey producers usually control the hygroscopicity of honey by adding in some drying aids like maltodextrins and lactose [52] or using the co-crystallization technique by encapsulating honey in a primary ingredient such as sucrose. [28] The moisture sorption isotherm present the relationship of equilibrium moisture content (EMC) of food and the relative humidity of the surrounding in graphical form. [53, 54] It provides information on the sorption mechanism and honey-water interactions. It tells how the moisture absorption occurs in a food and is often used to estimate the amount of moisture intake if it is exposed to a surrounding at a certain relative humidity. [55] Figure 3(b) shows that the dehydrated Kelulut honey follows the type III isotherm according to Brunauer et al. [56] classifications. Food which is rich in sugars is usually represented by this isotherm shape due to the solubility of sugars in water. [54] Although the EMC decreased slightly with decreasing dehydration temperature, these changes were not significantly different (P > 0.05) and it did not change the shape of the isotherm curves. The deliquescent point of dehydrated honey was found to be around relative humidity of 87%. It is a point at which the samples began to absorb large amount of moisture from surrounding. [57, 58] The moisture uptake was very slow before this point, and above this, moisture content increases rapidly and water is able to dissolve the samples. Similar trend has also been reported in literature for agricultural food materials including dried raisins, prunes, apricot, figs, [59] tamarind pulp powder, [55] honey powder, [21] apples, grapes, and potatoes. [60] Colour intensity and total phenolic content Figure 4 (a) shows that the colour intensity of Kelulut honey increased more noticeably at 70°C than those at 40 and 55°C. The darkening of honey is highly dependent on the dehydration temperature. Various studies have reported that darker honey will be produced after subjected to heating treatments. [24, 61, 62] The darkening of honey was reported to be due to degradation of volatile substances, caramelization of sugar, and the production of brown melanoidins. [63] The colour intensity of honey dehydrated at 40, 55, and 70°C increased by 23, 61, and 215%, respectively. Study of Cui et al. [24] reported that the changes of colour of honey is insignificant at temperature range of 30 to 50°C while Turkmen et al. [61] reported that colour of honey increases significantly at higher temperature range of 50 to 70°C. The darkening of colour of honey due to thermal treatment is because of the formation of polymeric brown pigments through Maillard reaction. [61] Turkmen et al. [61] studied the effects of heating temperatures on the formation of brown pigments and showed that it follows the zero-order kinetics at which the rate of formation of brown pigments is constant along the process. Studies have been reported that colour of honey is strongly correlated with its TPC. [1, 63, 64] Phenolic content as one of the main source of antioxidant in honey is an important properties of honey. The initial TPC of the Kelulut honey was 419.99 ± 16.36 mg GAE/kg. It falls within the range of 228 to 1058 mg GAE/kg. [1, 2] Figure 4(b) shows that the changes of TPC of Kelulut honey during dehydration process follows the trend of colour intensity changes. At the end of 84 h, the original TPC of 419.99 ± 16.36 mg GAE/kg has increased to 578.30 ± 1.04, 737.67 ± 2.76, and 1573.18 ± 2.20 mg GAE/kg, corresponding to 37.7%, 75.6%, and 274.6% for honey dehydrated at 40, 55, and 70°C, respectively. Average TPCs from the three dehydration temperatures after 18 and 36 h, respectively, was 512.76 ± 49.88 and 592.24 ± 120.47 mg GAE/kg. Similarly, honey that were heated at 50 and 70°C showed an increase in total phenols with increasing thermal processing time in other studies. [65, 66] The increase in TPC was reported to be due to the thermal extraction of phenolic compounds during processing. [66, 67] In a study using Canadian honeys, there was a strong and significant correlation of 0.950, between Maillard reaction products (MRPs) and total phenolics content. [68] Thus, the increase in TPC was also possibly due to the MRPs which led to the formation of brown melanoidins. Study of Turkmen [61] showed that the formation of MRPs increases the antioxidant activity of honey which is beneficial to human health. These studies show that the dehydration process is not only beneficial in retaining phenolic content in raw honey but also in increasing its value up to 274.6% significantly (p < 0.05). 
Viscosity, glass transition temperature and surface stickiness
Viscosity is an important parameter of honey especially during storage, handling, and processing of honey. Figure 5(a) shows that the viscosity of honey increased more pronouncedly at higher dehydration temperature. The viscosity of honey reached 8.11, 56.21, and 279.88 Pa.s after dehydrated for 18 h at 40, 55, and 70°C, respectively. The increase of honey viscosity is also due to its moisture removal. It is commonly known that viscosity of honey is highly dependent on its moisture content. Previous studies reported that lower moisture honey will have higher viscosity. [69] [70] [71] Dehydrated honey, which can be classified as amorphous foods, is highly water-plasticizable. [70] The removal of moisture which act as plasticizer in honey will eventually decrease the molecular mobility and thereby cause honey to become more viscous. [72] The higher dehydration temperature and longer duration which result in higher moisture loss, will give a more viscous honey. Honey will eventually change to a very viscous glassy state due to the continued decrease of molecular mobility and free volume as dehydration persist. [72] Incomplete data points for 55 and 70°C in Figure 5 (a) were due to impossible analysis of honey samples which were too thick and the rheometer reached its maximum torque limit. Glass transition temperature, T g is an important property to be considered during the dehydration process of sugar rich products, including honey as it is the temperature at which an amorphous system changes from glassy to rubbery state. [51] Figure 5 (b) shows that Kelulut honey has very low glass transition temperature before dehydration, which is at −52.35 ± 0.38°C. The T g for pure unadulterated honey was previously studied and reported to be between −42 and −51°C. [73] Dehydration caused the T g to increase significantly but remained low and below room temperature. The T g of honey increased from −52.35 ± 0.38°C to −22.57 ± 0.14, −5.9 ± 0.85, and 14.86 ± 0.85°C after being dehydrated for 84 h at 40, 55, and 70°C, respectively. According to Umesh Hebbar et al. [28] the T g of honey is highly dependent on its composition where the lower molecular weight material will have a low T g . Umesh Hebbar et al. [28] reviewed and compared the T g of various sugars and found that fructose and glucose, both with the lowest molecular weight of 180 had the lowest T g of 5 and 31°C, respectively. Honey, which mainly constitutes fructose and glucose, have a low T g . As glass transition temperature, T g of honey also depends on its moisture content, dehydration process which removes moisture from the honey also causes the increase in T g . [73] The reported T g of water is −135 o C [74] and it acts as a potent plasticizer and decreases the T g of amorphous and partially amorphous solids. [75] The plasticizing effect of water weakens in dehydrated honey thus T g of honey increase. [73] The reduction of T g with increasing moisture content agreed well with the results for polysaccharides, [76] honeys, [73] and β-casein. [77] Study of Kántor et al. [73] reported that the low glass transition temperature of honey contributes to the sticky nature of honey. The surface stickiness was measured with probe tack test which mimics the touches of human finger on sticky surfaces. [78, 79] The surface stickiness was quantified as the maximum tensile pressure required to separate the probe from the surface of honey. The initial surface stickiness value of the honey was 0.16 ± 0.01 kPa which is comparable to the value obtained by Adhikari et al. [79] of 0.115 kPa. The results in Figure 5 (c) shows that a higher dehydrating temperature and longer duration have resulted in a significantly stickier honey. The honey surface stickiness change was most prominent at higher dehydration temperature. The surface stickiness increased from 0.16 ± 0.01 kPa to 4.69 ± 0.05, 81.86 ± 5.07, and 99.62 ± 2.22 kPa after being dehydrated for 84 h at 40, 55, and 70°C, respectively. The value of stickiness of honey dehydrated at 70°C is about 20 times higher than those dehydrated at 40°C. The increase in stickiness is mainly due to the removal of moisture from honey which originally act as a dispersing medium in honey. [28] Honey becomes a highly viscous glassy state and forms a sticky cohesive mass as its moisture content decreased. [77, 79] Stickiness has always been a drawback in processing and drying of sugar rich products like honey. [28] Stickiness can be related to the adhesion and cohesion forces of the honey due to intermolecular and electrostatic forces, liquid bridges, solid bridges, or mechanical interlocking of particles. [52, 80] It measures the strength of honey sticking together and to the other surfaces. The higher stickiness indicates that the honey has higher tendency to stick and larger amount force is needed to separate the honey and subsequently causing trouble for the processing. Thus, conventional drying of honey often involve the addition of high molecular weight compounds such as maltodextrin as drying aid to alter its glass transition temperature and decrease its stickiness. [52] Hydroxymethylfurfural and diastase activity HMF is a chemical product of the furan group. It is formed through Maillard reaction by dehydration of sugars under acidic conditions during thermal treatments. [81] HMF is often used as a quality evaluation property for honey as it is strongly correlated to ageing and overheating of honey. [16, 19, 82] Previous studies have reported that HMF increases more significantly at higher heating temperature and time. [12, 13, 17, 19, 81] Figure 6 (a) shows dehydration at 40°C did not give any change to HMF and at 55°C, there was a steady increase. At 70°C, HMF content increased to 189.15 ± 5.82 mg/kg and peaked at 60 h and subsequently decreased to 24.69 ± 3.41 mg/kg at 84 h. In another study involving heating of acacia honey from 20 to 240°C for 30 min, it was also observed that the HMF content peaked at 190°C and decreased at 230°C. This may be due to the significant decrease of fructose and glucose due to overheating. [81] HMF is classified as a potential carcinogenic chemical to humans or it might be metabolized by humans to potentially carcinogenic compounds. [83] The study of Capuano & Fogliano [83] reviewed some studies done related to toxicity of HMF and showed that HMF at high concentrations is cytotoxic, irritating to eyes, upper respiratory tract, skin and mucous membranes. Hence, the concentration of HMF should be strictly controlled. The maximum HMF content allowed in honey is 80 mg/kg for honey originating from tropical countries. [84] The results showed that the HMF content in honey heated at 40 and 55°C remained within the limits. For dehydration at 70°C for 36 h, it produced HMF of 83.19 ± 2.05 mg/kg which is slightly higher than 80 mg/kg. The diastase activity is the measure of the combined activities of both αand β-amylases and is often used as a quality evaluation parameter for honey. [16, 85] The diastase activity is greatly reduced by heating and thus could be used as an indication for overheating of honey. [11, 85] The results found that the Diastase Number (DN) of dehydrated honey was very low, ranging from 0 to 0.75 DN, which was far below the minimum value of 3 DN following the standard set by Codex Alimentarius Commission [84] for honey with low enzyme content. The low diastase activity of the honey lead to no significant difference between the samples. Kek et al. [86] reported that the diastase value of Malaysian honey from Apis honey bees and Trigona stingless bee ranged from 0.04 to 1.48 DN while Chua & Adnan [85] reported diastase value ranged from 2.12 to 2.32 DN for Malaysian honey from Apis honey bees. Both studies on Malaysia's honey showed that the diastase activity were below the minimum value of 3 DN. The low diastase activity indicates that the honey have a low natural enzyme content. The low diastase activity could be due to the tropical climate in Malaysia which can easily go above 30°C. The reduction of enzymatic activities occur even at a relatively low temperature of 30 to 50°C. [16, 19] 
Conclusion
Dehydration of Kelulut honey at lower temperatures of 40°C for 36 h and higher temperatures of 55 and 70°C for 18 h can produce honey with water activity below 0.6 and moisture content below 8% (dry basis). The loss of water results contributes to the increase of its TPC while experiencing an increase in HMF, colour intensity, viscosity, hygroscopicity, glass transition temperature, and surface stickiness which are all still within acceptable ranges following the Codex Alimentarius Commission. ORCID Nyuk Ling Chin http://orcid.org/0000-0001-5787-9149 Yus Aniza Yusof http://orcid.org/0000-0003-3298-940X
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